Background: Collapsin response mediator protein 5 (CRMP5) influences neuronal differentiation and dendrite outgrowth during brain development. Results: CRMP5 is partially located in mitochondrial membranes, inducing mitophagy and reducing mitochondrial content of developing dendrites. Conclusion: Control of mitochondrion numbers by CRMP5 inhibits dendrite growth when the axon is growing. Significance: Learning how dendrite growth is regulated by CRMP5 is important for understanding the establishment of neuronal polarization.
Degradation of damaged mitochondria by mitophagy is an essential process to ensure cell homeostasis. Because neurons, which have a high energy demand, are particularly dependent on the mitochondrial dynamics, mitophagy represents a key mechanism to ensure correct neuronal function. Collapsin response mediator proteins 5 (CRMP5) belongs to a family of cytosolic proteins involved in axon guidance and neurite outgrowth signaling during neural development. CRMP5, which is highly expressed during brain development, plays an important role in the regulation of neuronal polarity by inhibiting dendrite outgrowth at early developmental stages. Here, we demonstrated that CRMP5 was present in vivo in brain mitochondria and is targeted to the inner mitochondrial membrane. The mitochondrial localization of CRMP5 induced mitophagy. CRMP5 overexpression triggered a drastic change in mitochondrial morphology, increased the number of lysosomes and double membrane vesicles termed autophagosomes, and enhanced the occurrence of microtubule-associated protein 1 light chain 3 (LC3) at the mitochondrial level. Moreover, the lipidated form of LC3, LC3-II, which triggers autophagy by insertion into autophagosomes, enhanced mitophagy initiation. Lysosomal marker translocates at the mitochondrial level, suggesting autophagosome-lysosome fusion, and induced the reduction of mitochondrial content via lysosomal degradation. We show that during early developmental stages the strong expression of endogenous CRMP5, which inhibits dendrite growth, correlated with a decrease of mitochondrial content. In contrast, the knockdown or a decrease of CRMP5 expression at later stages enhanced mitochondrion numbers in cultured neurons, suggesting that CRMP5 modulated these numbers. Our study elu-cidates a novel regulatory mechanism that utilizes CRMP5-induced mitophagy to orchestrate proper dendrite outgrowth and neuronal function.
Mitophagy is a regulated catabolic mechanism whereby cells degrade their damaged mitochondria via autophagy (1) (2) (3) . This process seems to be the primary mechanism to ensure mitochondrial quality control that protects cells from damaged mitochondria and from the release of potentially proapoptotic molecules (4 -6) . However, mitophagy is also an actor in the removal of undamaged mitochondria during developmental stages to regulate the changes in steady-state mitochondrial number (6) . The process of autophagic degradation is initiated by the sequestration of cytosolic components, such as mitochondria, into double membrane vesicles termed autophagosomes. Many autophagy-related genes (Atg), 2 identified in yeast, are thought to play similar roles in mammalian cells. Among them, Atg12 and Atg8 (LC3 counterparts in mammals) are crucial for autophagy (7) . As for Atg8, the conversion of cytosolic LC3-I to phosphatidylethanolamine-conjugated LC3-II in mammalian cells contributes to the formation of autophagosomes and the activation of autophagy (7, 8) . Autophagosomes in turn fuse with endosomes and/or lysosomes to form autolysosomes for the hydrolytic degradation of sequestered material (7) . Resulting macromolecules are then transported back into the cytosol for reuse. Whether the autophagic pathway exerts anti-or prodeath roles in neurons under pathological conditions remains unclear (9) . Nevertheless, it is increasingly accepted that correct neuronal function is dependent on the trafficking and dynamics of mitochondria, and disruptions in mitochondrial function lead to various neurodegenerative disorders (10, 11) , such as Parkinson disease (2) . Studies on the molecular mechanisms underlying mitophagy have led to the identification of new proteins involved in mitochondrial dynamics. Dynamin-related protein-1 (DRP-1) promotes mitochondrial fission upon recruitment to the outer mitochondrial membrane (12) . The protein Parkin, which is commonly mutated in Parkinson disease, translocates to mitochondria after dissipation of the mitochondrial membrane potential (⌬⌿ m ) and ensures the removal of damaged mitochondria via mitophagy (2, 13, 14) . Other proteins interacting with or functioning in the same pathway as Parkin, such as the PTEN-induced putative kinase 1 (PINK1) and Nix (15, 16) , have been identified.
Collapsin response mediator proteins (CRMPs) are a family of five cytosolic proteins (CRMP1-5) that are highly expressed in the developing brain (17, 18) . CRMPs act as signaling molecules involved in the regulation of microtubule polymerization, actin bundling, and endocytosis, leading to neuronal differentiation. CRMP2 was originally identified as the intracellular mediator of Semaphorin 3A signaling that induces growth cone collapse (19) . It is now accepted that CRMP2, the best studied member of the CRMP family, is involved in different functions, such as the regulation of neuronal polarity, axon elongation, vesicle trafficking, and synaptic physiology (20 -22) . Fewer studies relate to CRMP5, which is highly expressed in developing brain but decreases in adult brain because at postnatal stages its expression is restrained to the brain areas that retain neurogenesis (23) . CRMP5 exhibits spatiotemporal expression in the cortex, hippocampus, and cerebellum and in the postmitotic neuronal precursors, suggesting that it plays a role in process extension (24) . Another study has reported that it exerts a role in the regulation of filopodial dynamics and growth cone development (25) . The results obtained recently with CRMP5deficient mice stress the role of CRMP5 in the development and synaptic plasticity of cerebellar Purkinje cells (26) . We reported CRMP5 inhibition of neurite outgrowth, especially at the dendritic level, by forming a complex with tubulin and microtubule-associated protein 2 (MAP2). Interestingly, the neurite outgrowth-promoting function of CRMP2 is totally abrogated by CRMP5, which acts as the dominant signal (27) . Very recently, the crystal structure of CRMP5 was elucidated, pointing out the homotetramerization of the protein but also that it can compete and interact essentially with CRMP2 (28) . On the other hand, anti-CRMP5 antibody has been recognized as one of the main antibodies associated with paraneoplastic neurological syndromes as a result of a cancer-induced autoimmune process (29) . In this study, we identified a new function for CRMP5 as an actor in the mitophagic pathway. We demonstrate for the first time that CRMP5 was present in vivo in brain mitochondria and that its overexpression triggered a drastic change in mitochondrial morphology and an increase in LC3-II expression, suggesting the initiation of autophagic processes. Besides, CRMP5 overexpression caused an increase of lysosomal markers recruited at the mitochondrial level, leading to a decrease of mitochondrion numbers. In hippocampal neurons, the endogenous high CRMP5 expression correlated with a decrease of mitochondrial number, regulating the metabolic demand and ensuring proper neuronal function during developmental stages.
EXPERIMENTAL PROCEDURES
Subcellular Fractionation from Mouse Brain-Cortex, cerebellum, and brain stem of postnatal mouse (P8) were explanted, cleaned free of meninges, and subjected to subcellular fractionation using the ProteoExtract subcellular proteome extraction kit (Calbiochem) as described previously (30) .
Antibodies Used and Western Blot Analysis-The site-specific antibody to CRMP5 (anti-CRMP5 antibody) was produced in rabbits, and the specificity of the purified antibody toward CRMP5 was checked as described previously (24) . Other antibodies used were anti-COX IV (ab16056, Abcam), anti-calpain (H-65, Santa Cruz Biotechnology), anti-Tim23 (611223, BD Biosciences), anti-Tom20 (Santa Cruz Biotechnology), anti-HA (clone HA-7, Sigma-Aldrich), anti-neurofilament (AHP245, Serotec), anti-FLAG (clone M2, Sigma-Aldrich), anti-LC3 (2775, Cell Signaling Technology), anti-DRP-1 (611738, BD Biosciences), anti-Parkin (clone PRK8, Sigma-Aldrich), anti-lysosome-associated membrane protein-2 (LAMP-2) (GL2A7, Abcam), anti-cytochrome c (H-104, Santa Cruz Biotechnology), anti-GAPDH (MAB374, Millipore), anti-MAP2 (Sigma-Aldrich), and anti-tau-1 (H-150, Santa Cruz Biotechnology) antibodies. Subcellular fractions from mouse brain or cell lysate were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and incubated with different antibodies as described (30) . An equal amount of protein (76 g) was loaded for mitochondrial and cytosolic fractions, which represented 20 and 2.5% of total mitochondrial and cytosolic preparations, respectively.
Recombinant Protein Production and Lipid Insertion Measurement-The cDNA encoding full-length human CRMP5 (residues 1-564) or a truncated form of the protein (residues 1-520) was inserted into the pT7-7 expression vector, which generated a protein with six His residues at its C terminus. The recombinant proteins were produced and purified as described previously (27) . The Wilhelmy balance method was used to measure protein-induced changes in the surface pressure of a monomolecular film of phospholipids at constant surface area. A monomolecular film was performed by spreading the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1,2-dimyristoyl-sn-glycero-3-ethanolamine (DMPE) dissolved in chloroform/methanol (9:1, v/v) on the buffer subphase (20 mM Tris-HCl, pH7.5, 0.15 M NaCl, 1 mM dithiothreitol (DTT)). After complete solvent evaporation, the monolayer was slowly compressed up to a defined lateral pressure (initial surface pressure ( i )). A 10-min lag time was necessary for the monolayer relaxation and for checking the monolayer stability. CRMP5 protein was then injected into the buffer subphase gently stirred with a magnetic bar between fixed barriers (imposing a constant area), in a controlled atmosphere, and at constant temperature (22°C). The surface pressure increase produced by protein insertion in the monolayer was recorded using a Wilhelmy balance with an accuracy of Ϯ 0.05 mN/m as described (31) .
Isolation of Mitochondria and Various Treatments-Mitochondria and cytosol were isolated from postnatal mouse cortex (P8) or from COS-7 cells using the mitochondria isolation kit for tissue or cultured cells, respectively, as indicated by the manufacturer (Pierce). The mitochondria were treated with trypsin or trypsin and digitonin as follows. Isolated mitochondria were suspended in buffer A (70 mM sucrose, 220 mM D-mannitol, 2.5 mM Hepes, pH 7.4) to achieve a final concentration of about 350 g/ml. Trypsin was added to the mitochondrial fraction at the indicated concentrations and incubated at room temperature for varying amounts of time. The reaction was stopped by the addition of Laemmli buffer and heating for 5 min at 90°C. For trypsin plus digitonin digestion, the non-ionic detergent was added to the mitochondrial fraction at a final concentration of 1 or 5 mg/ml for 10 min at 4°C. Four volumes of buffer A were then added to the sample followed by centrifugation at 13,000 ϫ g at 4°C for 10 min. The pellets containing the mitoplasts were incubated with trypsin as described above and resuspended in Laemmli buffer before electrophoresis and Western blotting. For carbonate extraction, mitochondria were first treated with digitonin at 5 mg/ml for 10 min. After centrifugation, the pellet was incubated for 20 min in 0.1 M Na 2 CO 3 at 4°C, and then the sample was centrifuged at 13,000 ϫ g at 4°C for 10 min. The supernatant was neutralized with 25% HCl, and the pellet was rinsed once with 20 mM Tris-HCl, pH 7.5, 1 mM EDTA; 1 mM EGTA, 1 mM DTT before Western blot analysis.
For combined trypsin digestion with Triton X-100, Triton (0.3%) was added and incubated for 5 min with the mitochondrial preparation prior to incubation with increasing concentrations of trypsin for 5 min at 30°C and Western blotting. In some experiments, the mitochondrial pellet was resuspended in hypotonic buffer containing 20 mM Hepes, pH 7.4 to obtain swelled mitochondria following incubation with 5 g/ml trypsin at 30°C for varying amounts of time. After centrifugation at 13,000 ϫ g at 4°C for 10 min, the pellet containing mitoplasts was analyzed by Western blotting.
Expression Constructs and Transfection-N-terminally FLAGtagged full-length CRMP5 was obtained as described previously (27) . cDNA fragments encoding full-length human CRMP5 or different truncated mutants (CRMP5 ⌬N104, CRMP5 ⌬N285, CRMP5 ⌬N300, and CRMP5 ⌬C508) were sequentially ligated into pCEFL-tagged HA vectors within EcoRI and NotI restriction sites, generating a protein with an HA tag at its N terminus. All fragments were confirmed by DNA sequencing. Cells were transfected using Lipofectamine LTX (Invitrogen) and fixed for immunostaining or disrupted in lysis buffer at 48 h post-transfection as described (27) . In some experiments, at 46 h posttransfection, COS-7 cells were incubated with bafilomycin A1 (Sigma-Aldrich) at a final concentration of 10 nM for 2 h before disruption in lysis buffer for Western blotting. PC12 cells were stimulated by 100 ng/ml NGF 8 h after transfection.
Primary Culture of Hippocampal Neurons-Hippocampal neurons from embryonic day 18 (E18) mouse embryos were prepared and plated at a density of 5 ϫ 10 4 cells/well as described (27) and fixed after MitoTracker staining (see below) on days 2-5 of in vitro culture (DIV 2-5).
Immunocytochemistry, Microscopy Observation, and Morphology Assay-For mitochondrial staining, the cells were incubated with 200 nM MitoTracker CMXRos (MT; Invitrogen) for 25 min before fixation. PC12 cells were incubated with anti-CRMP5 followed by anti-rabbit Alexa Fluor 488 (Invitrogen) antibodies for endogenous CRMP5 staining. PC12 cells were observed using a laser-scanning confocal system (Leica TCF SP2 imaging platform). SH-SY5Y cells were immunostained with anti-FLAG followed by anti-mouse Alexa Fluor 488 antibodies added after MT staining. COS-7 cells were immunostained with anti-HA and anti-mouse Alexa Fluor 488 (Invitrogen) antibodies or anti-FLAG followed by either anti-mouse or anti-rabbit Alexa Fluor 488 antibodies. For double staining, in addition to anti-FLAG labeling, the cells were stained with anti-Parkin, anti-DRP-1, or anti-LC3 followed by antimouse or anti-rabbit Alexa Fluor 555 (Invitrogen) antibodies. In some experiments, COS-7 cells were double stained with anti-LAMP-2 and anti-cytochrome c followed by antirat Alexa Fluor 488 and anti-rabbit Alexa Fluor 555 antibodies, respectively. COS-7 cells were observed using an Axioplan II fluorescence microscope with an apotome (Carl Zeiss). For LC3 fluorescence quantification, the green fluorescence intensity of an individual cell was obtained using AxioVision Rel.4.8 software, and the mean fluorescence values of LC3-positive cells (CRMP5-transfected cells) were expressed compared with the control cells.
Hippocampal neurons were stained with MT, then fixed, and stained with anti-CRMP5 followed by anti-rabbit Alexa Fluor 488 antibodies at DIV 2-5. Images of fluorescent neurons were captured with a fluorescence microscope. The longest neurite was considered as axon, and the remaining shorter neurites of an individual neuron were considered as dendrites. To determine the fluorescence intensity, all fluorescent images were digitally converted into a grayscale image before analysis. Quantitative measurements of fluorescence intensities were done by averaging the intensity within a square box of 40 ϫ 40 pixels in size obtained from a defined area across axon and dendrites, but not cell bodies, using image processing ImageJ 1.42q software as described (27) . The grayscale intensity was corrected against the intensity point of the background. Numerical fluorescence values were graphed as fluorescence intensity for CRMP5 or mitochondria at DIV 2-5.
Knockdown of Gene Expression by Small Interfering RNA in Culture of Hippocampal Neurons-Validated siRNA against CRMP5 sequence (25) and control RNA (SC; scrambled sequence with the same percentage of CG without sequence homology) were purchased from Invitrogen. Cultured hippocampal neurons were transfected 24 h after plating with 100 nM CRMP5 siRNA (siCRMP5) or SC using a Ribojuice kit according to the manufacturer's instructions (Novagen). At 48 h post-transfection, corresponding to DIV3, neurons were first labeled with 200 nM MT, then fixed, stained with anti-CRMP5 antibody, and observed with an Axioplan II fluorescence microscope with apotome (Carl Zeiss). To ensure correct comparison of the labeling between different transfections, the acquisition of each picture was realized with the same exposure time (300 ms for CRMP5 green labeling and 350 ms for MT). The number of mitochondria in axon and dendrites of each neuron was individually counted using AxioVision Rel.4.8 software.
Electron Microscopy-COS-7 cells transfected with FLAG or FLAG-CRMP5 vectors were fixed with 2.5% glutaraldehyde, 0.1 M sodium cacodylate, pH 7.3 for 45 min. They were postfixed with 1% OsO 4 in 0.15 M sodium cacodylate, pH 7.3. After dehydrating with a graded ethanol series, they were embedded in Epon resin. Cell sections were collected on nickel grids. Grids were incubated with anti-FLAG followed by 18-nm gold-IgG anti-mouse (Jackson ImmunoResearch Laboratories) antibodies. Contrast was obtained by uranyl acetate incubation. Cells were examined with a transmission electron microscope (JEOL JEM 1400, Cecil, Lyon, France) and photographed at various magnifications.
Statistical Analysis-Differences between means were compared using unpaired two-tailed Student's t test. Data were reported as mean Ϯ S.E. with p Ͻ 0.01 considered as the level of significance. Data are the mean values of at least three individual experiments.
RESULTS

Subcellular Localization of CRMP5 in Mitochondria-To
understand CRMP5 function during brain development, we studied its subcellular localization. Subcellular fractionations from the cortex, cerebellum, and brain stem of developing mouse brain (P8) were subjected to Western blot analysis. Besides its cytosolic distribution, CRMP5 was clearly present in the membrane fraction ( Fig. 1A) . Antibodies specific to each fraction were used to check the purity of the fractionations. The membrane insertion property of the CRMP5 was stressed by studying the interaction of purified recombinant protein with a lipid monolayer of DMPC or DMPE. The interaction was analyzed using Langmuir film balance technology based on the phospholipid displacement in monolayers. In these experiments, full-length or truncated (⌬C520) recombinant CRMP5 was injected, using a constant area setup, into the aqueous sub-phase underneath the phospholipid monolayer. The resulting interaction was measured as the surface pressure increase (⌬) of the film, reflecting the insertion of proteins between phospholipid molecules. CRMP5 insertion into DMPC monolayer gave rise to an immediate surface pressure increase ( Fig. 1B , blue line), whereas no surface pressure change was observed upon injection of the buffer in which CRMP5 was stored ( Fig.  1B , green line). The increase in surface pressure was identical for the full-length and C-terminally truncated ⌬C520 CRMP5 proteins ( Fig. 1B, red line) , indicating that the C-terminal part of the protein was not involved in its membrane insertion. The insertion of full-length CRMP5 resulted in a slightly higher surface pressure change in DMPC than in DMPE monolayer ( Fig.  1B, black line) , indicating the specificity of the interaction with mitochondrial membrane, which contains mostly zwitterionic phospholipids (phosphatidylcholine headgroup) and a small percentage of negatively charged lipids (32) . Also, it is worthwhile noting that CRMP5 insertion into DMPE is clearly slower than in DMPC monolayer. Besides, DMPC monolayers were prepared at various i values, and ⌬ induced by phosphatidylcholine insertion of CRMP5 was measured to determine the penetrative power of the protein. Fig. 1C shows that ⌬ gradually decreased as i increased. The maximal pressure insertion (i.e. the theoretical value of i extrapolated for ⌬ ϭ 0 mN/m) was 23 mN/m. This influence of the initial packing density of the monolayer on CRMP5 penetration demonstrates a direct CRMP5/lipid interaction as evidenced for other lipids and ligands (31, 33) .
The presence of CRMP5 in mitochondria was further confirmed after purification of mitochondria isolated from the cortex of P8 mouse brain. Postnatal mouse brains were used in this study because CRMP5, which is involved in developmental processes, is slightly expressed in adult brain. Western blot analysis using anti-CRMP5 antibody showed that CRMP5 was clearly detected not only in the cytosolic fraction but also in the mitochondrial fraction ( Fig. 1D, upper panel) . The anti-COX IV antibody, which labels the mitochondrial cytochrome c oxidase, and anti-calpain antibody, which labels the cytosol, confirmed the purity of the mitochondrial and cytosolic fractions, respectively. In addition, the absence of staining of the mitochondrial fraction with lysosomal marker LAMP-2 ascertained that mitochondria were not contaminated with lysosomal fraction ( Fig. 1D, lower panels) . When, instead of an equivalent amount of protein as above, an identical proportion (equal volume) of the mitochondrial and cytosolic fractions from the cortex of P8 mouse brain was used in Western blot analysis, the proportion of CRMP5 in brain cortex that lodged in the mitochondrial fraction and cytosol was 15 and 85%, respectively, of the total protein (data not shown). To further confirm the localization of CRMP5 in mitochondria, the endogenous CRMP5 distribution was examined using CRMP5 antibody in NGFstimulated PC12 cells, which present a neuronal phenotype. We found punctate labeling (stained green) reminiscent of mitochondrial staining overlapping with the red MT labeling ( Fig. 1E ). It should be noted that non-overlapped green and red staining could also be distinguished. The CRMP5 mitochondrial localization was also observed in HA-tagged CRMP5 overexpressed in COS-7 cells stained with MT (red) and anti-HA antibody (green) as shown by the yellow staining in the merged image ( Fig. 1G, panel a) . Similar results were obtained with other cell lines (data not shown), indicating mitochondrial localization for CRMP5. All together, those experiments indicate that CRMP5 is located in brain mitochondria although in a low proportion in P8 mouse cortex. This is the first report on the mitochondrial localization of CRMP5 in vivo.
The N-terminal CRMP5 Domain Controls Mitochondrial Targeting-To determine the CRMP5 domain responsible for its mitochondrial localization, we designed several dele-FIGURE 1. CRMP5 presents membrane insertion capacity and mitochondrial localization. A, Western blot analysis of different subcellular fractions from the cortex, cerebellum, and brain stem of P8 mouse brain. Aliquots were separated by SDS-PAGE, and CRMP5 expression was probed by anti-CRMP5 antibody. The representative image (from three different experiments) shows the presence of CRMP5 in the cytosolic fraction but also in the membrane fraction of the three tissues. CRMP5 is absent from the cytoskeletal fraction. The bottom panels show the identification of each subcellular fraction using anti-calpain for cytosol staining, anti-cadherin for membrane labeling, and anti-neurofilament for intermediate filament staining. Note that anti-cadherin also detects the cytosolic fraction. B, time course of the monolayer insertion of CRMP5. Full-length CRMP5 was injected underneath the monolayer of either DMPC (17 nmol; blue) or DMPE (22 nmol; black) at a i of 6 mN/m. ⌬C520 recombinant CRMP5 (red) was injected underneath DMPC monolayer under identical conditions. The final concentration of each protein was 4.5 nM. Changes in surface pressure were recorded at constant area and temperature 22°C. Upon injection of the buffer in which CRMP5 was stored, no change in surface pressure is observed (green). An immediate increase of surface pressure was recorded with ⌬ max of Ϸ20 mN/m for full-length and ⌬C520 CRMP5, indicating rapid DMPC monolayer insertion of the proteins. The kinetics of CRMP5 insertion into DMPE monolayer was rather sigmoid with an inflection point around 10 mN/m, and the ⌬ max reached 17 mN/m, indicating a lower insertion capacity of CRMP5. C, different monolayers of DMPC were prepared at various i values, and then the ⌬ induced by CRMP5 (5.3 nM) was determined following attainment of equilibrium. Higher initial monolayer surface pressure correlates with higher lipid packing densities and reduces the penetrative power of the protein. Each point is an independent measurement with a new lipid monolayer. Representative data from two independent experiences are shown. D, Western blot analysis shows the presence of CRMP5 protein in the cytosolic fraction as well as in mitochondria isolated from P8 mouse cortex. The bottom panels show the Western blot of each fraction probed with anti-COX IV and anti-calpain antibodies to identify the mitochondrial and cytosolic fractions, respectively. The absence of COX IV staining in the cytosol could be explained by its low amount in the whole lysate compared with isolated mitochondria. Note the absence of the lysosomal marker LAMP-2 in the purified mitochondrial fraction. E, NGF-stimulated PC12 cells, presenting a neuronal phenotype, were stained with MT to label coupled mitochondria. The cells were then fixed before immunostaining with anti-CRMP5 antibody. The yellow color in the merge image indicates the co-localization of CRMP5 and MT. The right panel shows high magnification of the boxed areas. Cells were observed by confocal microscopy. Scale bars, 10 m. F, diagram depicting CRMP5 truncation mutants with the putative hydrophobic domain (residues 239 -260) shown by a red box. G, panels a-e, immunofluorescence of COS-7 cells transfected with the different HA-tagged CRMP5 constructs shown in F. At 48 h post-transfection, the cells were incubated with MT, then fixed, and immunostained with anti-HA antibody. The nucleus is stained blue with DAPI. Insets represent high magnification of the mitochondria. Yellow spots in the representative fluorescence microscopy image indicate the co-localization of CRMP5 (green) and mitochondria (red). The images are representative of three separate experiments with similar results. Scale bars, 20 m. H, mitochondria were isolated from COS-7 cells transfected with mutated HA-CRMP5 constructs. Mitochondrial and cytosolic fractions were subjected to SDS-PAGE and Western blotting (WB). The Western blots in the three upper panels were probed with anti-CRMP5 antibody. Due to the absence of the antigenic site recognized by the anti-CRMP5 antibody on the ⌬C508 mutant, in the lower panel, the blot was probed by anti-HA antibody. The bars to the left of the panels show the molecular marker masses in kDa. I, a ribbon diagram showing one monomer within the dimer structure of CRMP5 according to coordinates available for CRMP5 (Protein Data Bank code 4B90). Residues 239 -260 located on ␤-strand 15 (white arrow) and ␣-helix 8 are colored blue. Both structures, especially ␤-strand 15, seem to be buried in the interior of the molecule. tion constructs of CRMP5 ( Fig. 1F) . Because the C-terminal part of CRMP5 was reported to bind tubulin (27) , to avoid any disturbance in its tubulin-binding capacity, the N-terminally HA-tagged CRMP5 was used. We performed a series of transfections in COS-7 cells with either full-length or mutated CRMP5 truncated at its N-terminal (CRMP5 ⌬N104, ⌬N285, and ⌬N300) or C-terminal parts (CRMP5 ⌬C508). In accordance with the above mentioned lipid insertion property of CRMP5, the full-length and the C-terminally deleted mutant CRMP5 ⌬C508 presented both mitochondrial and cytosolic distributions (Fig. 1G, panels a and b) . On the contrary, both N-terminally deleted mutants (CRMP5 ⌬N285 and CRMP5 ⌬N300) did not exhibit any mitochondrial localization because distinct red (MT) and green (CRMP5) staining was observed (Fig. 1G, panels c and d) . However, the most N-terminally deleted mutant, ⌬N104, exhibited a clear mitochondrial distribution ( Fig. 1G, panel e ). To strengthen these results, mitochondria were isolated from cells transfected with different constructs and subjected to Western blot analysis ( Fig. 1H ). Although both CRMP5 ⌬N285 and ⌬N300 were totally absent in the mitochondrial fraction, the presence of full-length and mutant CRMP5 ⌬C508 and ⌬N104 was clearly observed in the isolated mitochondria. Note the presence of all constructs in the cytosolic fraction. These data unambiguously show that an internal fragment within the N-terminal part of the CRMP5 protein (residues 105-285) is essential for its targeting to mitochondria. Within this fragment, a potential hydrophobic domain within residues 239 -260 located on ␤-strand 15 and ␣-helix 8 of the CRMP5 structure can be distinguished (28) . As for all hydrophobic domains, both structures seemed to be buried in the interior of the molecule, in particular ␤-strand 15 (Fig.  1I , white arrow), suggesting that CRMP5 might undergo a conformational change, exposing this fragment for membrane insertion.
Submitochondrial Location of CRMP5-To acquire more insight on the localization of CRMP5 within mitochondria, we examined its submitochondrial localization in isolated mitochondria from brain. We assessed the accessibility of the protein to trypsin digestion under various conditions. Treating isolated mitochondria with a high trypsin concentration such as 400 g/ml for 40 min at room temperature did not affect the presence of CRMP5 in mitochondria ( Fig. 2A ), suggesting that CRMP5 was not accessible to trypsin and consequently not oriented to the outside, i.e. cytosolic side, of the outer mitochondrial membrane. However, when mitochondrial fractions were first incubated with digitonin for 10 min to destabilize the outer membrane, CRMP5 protein began to be degraded by tryptic digestion, showing lower molecular mass after 10 min of treatment and almost disappearing after 20 min of incubation, indicating that this treatment enhanced the accessibility of CRMP5 protein to tryptic digestion ( Fig. 2A ). It should be noted that CRMP5 was resistant to digitonin treatment alone (data not shown). These data suggested that CRMP5 might be oriented toward the intermembrane space. CRMP5 was easily digested by trypsin at concentrations as low as 2 g/ml when solubilized by Triton X-100, indicating that it interacted with the mitochondrial membrane (Fig. 2B ). Incubation of isolated mitochondria in hypotonic swelling conditions removed the outer mitochondrial membrane as evidenced by the absence of a marker of the mitochondrial outer membrane, Tom20, in the pellet and its presence in the supernatant (Fig. 2C, right panels) . In such swelling conditions, CRMP5 remained in the pellet in the absence of trypsin treatment but became sensitive to trypsin after 10 min of incubation (Fig. 2C ). This indicated that removal of the outer membrane did not influence CRMP5 localization in the mitochondrial pellet, but it became sensitive to trypsin digestion. It should be noted that in isotonic buffer containing 0.07 M sucrose and 0.22 M mannitol CRMP5 was protected from trypsin proteolysis ( Fig. 2C, left panel) . These results argue in favor of CRMP5 localization on the inner mitochondrial membrane oriented toward the intermembrane space. To confirm the CRMP5 attachment to the membrane, sodium carbonate extraction, which allows the separation of the integral membrane proteins, was performed on the isolated mitochondria. Fig. 2D shows some CRMP5 protein in the supernatant containing peripheral proteins, whereas some CRMP5 was also in the insoluble protein fraction, i.e. attached to the inner mitochondrial membrane, as identified by the presence of a marker of the mitochondrial inner membrane, Tim23, in this fraction ( Fig. 2D, lower panel) . Together, these data suggest that FIGURE 2. Characterization of mitochondrial CRMP5 topology. A-C, trypsin sensitivity of mitochondrial CRMP5. A, time course proteolysis of mitochondria in the presence or absence of 5 mg of digitonin/ml. After 10 min of digitonin treatment following 10 min of centrifugation at 13,000 ϫ g, trypsin was added to the pellet at a concentration of 400 g/ml. CRMP5 became sensitive to trypsin attack after digitonin treatment. B, proteolysis of isolated mitochondria treated or not with 0.3% Triton X-100. After 5 min, increasing concentrations of trypsin were added, and the mitochondria were incubated at 30°C for an additional 5 min. Western blot (WB) analysis shows that after membrane solubilization by Triton X-100 CRMP5 becomes sensitive to proteolytic attack even at a very low concentration (2 g trypsin/ml). C, time course proteolysis of mitochondria in isotonic (SW Ϫ) or hypotonic (SW ϩ) buffer. SW, swell mitochondria. Trypsin was added at a concentration of 5 g/ml. The removal of the outer mitochondrial membrane under hypotonic conditions was shown by the absence of Tom20 immunostaining in the pellet. CRMP5 remains in the pellet and is resistant to trypsin proteolysis for the first 5 min, but it shows sensitivity to proteolysis after 10 min of treatment. In A-C, immunoblots were probed with antibodies as indicated at the bottom of each panel. The bars at the left or right of each panel show the mass of the molecular markers in kDa. D, carbonate extraction assay. Mitochondria were incubated for 10 min in the presence of 5 mg digitonin/ml. After centrifugation, carbonate extraction was carried out on the pellet for 20 min in 0.1 M Na 2 CO 3 . Another centrifugation at 13,000 ϫ g for 10 min allowed the separation of the pellet (P; integral protein) and supernatant (S; peripheral protein) fractions. The presence of Tim23 in the pellet, but not in the supernatant, confirmed the identity of the fraction as integral inner mitochondrial membrane proteins.
CRMP5 might interact strongly with the mitochondrial inner membrane and be directed toward the intermembrane space.
CRMP5 Affects Mitochondrial Morphology-The impact of CRMP5 on mitochondrial morphology was studied after transfection of SH-SY5Y neuroblastoma cells, which exhibit rather tubular and elongated mitochondria (34), with either FLAG or FLAG-CRMP5 vectors (Fig. 3A) . In empty vector-transfected cells, the mitochondria appeared to be primarily tubular and organized in an interconnected network through the cell body (Fig. 3A, left panels) . In contrast, the cells overexpressing FLAG-CRMP5 showed a clear change in their mitochondrial shape and distribution (Fig. 3A, right panels) . First, mitochondria were mostly recruited in a perinuclear cluster. Second, the mitochondria appeared mainly small and round and lost their tubular shape. Quantification of the tubular versus non-tubular mitochondria showed that cells overexpressing CRMP5 protein have significantly fewer tubular (2.3-fold) than non-tubular mitochondria ( Fig. 3B ; **, p Ͻ 0.005), whereas the control cells exhibited a higher percentage of tubular than non-tubular mitochondria (78 versus 22%). Therefore, these data suggest that CRMP5 may be involved in the dynamics of mitochondrial morphology. To ascertain that the apparent fragmentation was not due to an artifact of overexpression, the CRMP5 expression was knocked down by siRNA (siCRMP5) in PC12 cells, which have the advantage of presenting a neuronal phenotype upon NGF stimulation. CRMP5 knockdown presenting an extent of about 60% depletion at the protein level triggered a more pronounced network of hyperfused tubular mitochondria compared with the control cells (data not shown).
To examine mitochondrial ultrastructure, we performed transmission electron microscopy in CRMP5-transfected COS-7 cells and observed different types of mitochondrial clusters. The empty vector-transfected cells presented typical mitochondrial morphology with rather elongated shape (Fig. 3C,  white arrowheads) . In contrast, in FLAG-CRMP5-transfected cells, mitochondria seemed to undergo major morphological changes, showing much less of a thin and tubular shape and appearing highly spherical. The cristae were intact, although the mitochondrial matrix was completely distorted (Fig. 3D , white arrows). Note the specific gold particle labeling of CRMP5 at the mitochondrial membrane at high image magnifications ( Fig. 3D, black arrows) . Quantification of the tubular versus round mitochondria showed that cells overexpressing CRMP5 protein have a significantly higher percentage of round (2.7-fold) mitochondria than the empty vector-transfected control cells ( Fig. 3E ; **, p Ͻ 0.005), whereas the control cells presented a higher percentage of elongated mitochondria than the CRMP5-expressing cells (75 versus 24%). These observations suggest that CRMP5 may modify the mitochondrial network.
CRMP5 Expression Increases Autophagosome Expression-Transmission electron microscopy on CRMP5-transfected cells also revealed a significant increase (2.2-fold) in the number of lysosomes (Fig. 3F, upper and middle panels) and the appearance of numerous vesicles and lamellar bodies (Fig. 3F , lower panel) derived from autolysosomes after lysosomal degradation (35) . Typical autophagic structures were observed in CRMP5expressing cells (Fig. 3G ). Double membrane-limited vacuoles containing disintegrated mitochondria were observed (Fig. 3G,  panel a, black arrow) . The white arrowhead points to the sequestered mitochondria. Other double membrane-limited structures could be identified. Inside those structures a mitochondrion seemed to be engulfed (Fig. 3G, panel b) , indicative of a possible developing autophagosome. Gold particle labeling of CRMP5 at the mitochondrial membrane was highlighted in the high magnification of the image (Fig. 3G, panel b, black  arrow) . Together, these observations suggest a mitochondrial autophagic event. To confirm the induction of mitophagy by CRMP5, the first step was to check the localization of the most widely monitored autophagy-related protein, LC3, within the cell. Therefore, we performed double staining of the CRMP5transfected cells with MT and the anti-LC3 antibody. In fact, LC3 can induce mitophagy only when translocated at the mitochondrial level (6) . Distinct LC3 protein expression was observed in cells expressing CRMP5 (Fig. 4A, panel d) with a clear co-localization with MT ( Fig. 4A , panels e and f, white arrow), whereas the control cells showed a weak LC3 expression ( Fig. 4A, panel a) . Quantification of LC3 fluorescence intensities showed a significant increase (1.8-fold) in LC3 staining in CRMP5-overexpressing cells compared with empty vector-transfected cells ( Fig. 4B ; **, p Ͻ 0.005), reflecting the increase in the number of autophagosomes localized at the mitochondrial level. In addition, Fig. 5A demonstrates that CRMP5 labeling co-localized with LC3 staining in CRMP5-expressing cells but not in the control FLAG-expressing cells. During autophagosome biogenesis, LC3 is covalently attached to phosphatidylethanolamine, giving rise to the membranebound LC3-II isoform (6); thus, the evaluation of changes in LC3-II isoform was essential. Western blot analysis of the cell extract showed a net increase in the expression of LC3-II in CRMP5-transfected cells compared with the control cells, although the level of LC3-I expression seemed not to change after CRMP5 expression ( Fig. 4C, upper left panel) . Quantitative analysis of the relative protein expression further confirmed that 1) the LC3-II expression was 3.5-fold higher in CRMP5-expressing cells than in control cells (Fig. 4C, middle left panels; ***, p Ͻ 0.0001) and 2) that the ratio of LC3-II/LC3-I was higher (3-fold) in CRMP5-expressing versus the control cells ( Fig. 4C , lower left panels; ***, p Ͻ 0.0001). This increase in the conversion of LC3-I to the LC3-II isoform is a clear indicator of an increased number of autophagosomes. To strengthen that the increase of autophagosome number by CRMP5 is related to an enhancement of the autophagic flux, we evaluated LC3-II turnover by Western blot analysis in the presence and absence of bafilomycin A1, a potent and specific inhibitor of vacuolar H ϩ -ATPase, which blocks the fusion of autophagosomes with lysosomes, leading to autophagosome accumulation (36) . Consequently, a higher ratio of LC3-II/LC3-I indicates the occurrence of the flux following bafilomycin A1 treatment. As expected, in bafilomycin-treated cells, the expression of LC3-II was higher in CRMP5-transfected cells than in control cells, although the basal level of LC3-II increased in control cells (Fig. 4C, upper right panel) . Quantitative analysis of the protein expression showed that the accumulation of LC3-II in bafilomycin-treated CRMP5-transfected cells increased by1.6-fold compared with the control cells ( Fig.  4C , middle right panels; **, p Ͻ 0.005), and the ratio of LC3-II/ LC3-I reached 1.8 (1.2-fold higher than the control; lower right panel; *, p Ͻ 0.01). This increase in the conversion of LC3-I into the LC3-II isoform at the protein level after bafilomycin A1 treatment clearly strengthens an increase in autophagic flux upon CRMP5 expression.
The cellular distribution of CRMP5-overexpressing cells was also compared with that of other proteins known to be involved in mitochondrial dynamics and autophagy, such as Parkin whose mitochondrial translocation is known to be dependent on mitochondrial depolarization (2) and DRP-1, which promotes mitochondrial fission upon recruitment to the outer mitochondrial membrane (12) . No CRMP5 overlap (stained green) with either DRP-1 or Parkin (stained red) could be observed upon FLAG-CRMP5 overexpression (stained green) as shown by distinct green and red staining under high magnification ( Fig. 4D, lower panels) . Moreover, Parkin labeling did not exhibit mitochondrial localization but remained uniformly distributed in the cytosol, whereas DRP-1 labeling occurred mostly at the perinuclear cluster. As expected, Western blot analysis showed that CRMP5 overexpression did not modify the level of expression of either DRP-1 or Parkin protein (Fig.  4E, upper panels) . This is confirmed by quantitative analysis of protein expression ( Fig. 4E, lower panels) , suggesting that these two pathways are not involved in CRMP5-induced mitochondrial autophagy.
Next, we investigated whether the CRMP5 protein is located in mitochondria simultaneously with LC3 by triple labeling of cells using MT (stained red) and anti-FLAG (stained blue) and anti-LC3 (stained green) antibodies (Fig. 5A ). CRMP5-transfected cells showed a large increase in LC3 expression ( Fig. 5A,  compare panels c and h) and its localization at the mitochondrial level (Fig. 5A, panels g-j) where it co-localized with CRMP5 as white dots observed at high magnification in the merged image (Fig. 5A, panel j, white arrowheads) . When the number of LC3-labeled mitochondria was quantified and compared between empty vector-and CRMP5-transfected cells, unambiguously the total percentage of cells exhibiting high numbers of mitochondria labeled with LC3 (11-20, 21-30, or Ͼ30 labeled mitochondria/cell; Fig. 5B ; **, p Ͻ 0.005) reached 86% in CRMP5-positive cells, whereas nearly 90% of CRMP5negative cells had very low LC3 labeling within mitochondria (0 -5 labeled mitochondria/cell; Fig. 5B ). Collectively, these results clearly indicate that CRMP5, when recruited to mitochondria, leads to an increase in the number of autophagosomes, which are involved in mitophagy.
CRMP5 Expression Induces Lysosomal Translocation to the Mitochondrial Compartment and Enhances Mitophagy, Reducing the Mitochondrion Numbers-
We then explored whether the increase in the number of autophagosome induced by CRMP5 overexpression was followed by their fusion with lysosomes to construct autolysosomes. Given that LAMP-2 is present both in lysosomes and autolysosomes, we performed double staining of CRMP5-transfected cells with anti-LAMP-2 and anti-cytochrome c antibodies to show the lysosomal docking at the mitochondrial level but not to other organelles. Empty vector-transfected COS-7 cells showed very faint anti-LAMP-2 staining (Fig. 6A, panel a) . In contrast, CRMP5-expressing cells showed strong LAMP-2 labeling, which overlapped with cyto-chrome c immunostaining (Fig. 6A, panels e-g) , indicating that the lysosomes were recruited at the mitochondrial level. The overlap is clearly identified by yellow dots in the high magnification of merged images (Fig. 6A, panel h, white arrowheads) . The corresponding expression profiles were plotted based on the fluorescence intensities of LAMP-2 (stained green) and cytochrome c (stained red). This imaging analysis showed that in CRMP5-overexpressing cells, the majority of the red and green peaks were superimposed in the graph (Fig. 6B, right  panel) , indicating that lysosomes or autolysosomes are located at the mitochondrial level. In contrast, in control cells, analysis showed that LAMP-2 was poorly expressed (Fig. 6B, left panel) . Quantification of LAMP-2-labeled mitochondria within each cell showed that in empty vector-transfected cells a small number of lysosomes overlapped with the mitochondrial labeling because nearly 60% of cells had no LAMP-2 labeling, and the remaining 40% showed only 1-10 LAMP-2-labeled mitochondria/cell (Fig. 6C, gray bars) . However, all of the CRMP5-expressing cells showed a higher number of LAMP-2-labeled mitochondria because 36, 35, and 9% of cells exhibited 11-20, 21-30, and Ͼ30 LAMP-2-labeled mitochondria, respectively ( Fig. 6C , green bars; **, p Ͻ 0.005). These results confirm that mitochondria are the target of numerous lysosomes; and thus, CRMP5 may be involved in the activation of mitophagy through its localization in mitochondria. To further elucidate the consequence of mitophagy induction by CRMP5, we studied the effect of CRMP5 expression on the extent of mitochondria over time. This experiment should confirm that the increased CRMP5-induced mitophagy is linked to a decreased proportion of mitochondria. CRMP5-expressing COS-7 cells showed elongated mitochondria 24 h post-transfection ( Fig.  7A, upper panels) , whereas at 48 h, fragmented mitochondria were observed (Fig. 7A, middle panels) . At 72 h post-transfection, the mitochondria exhibited rather diffuse staining (Fig.  7A, lower panels) . However, CRMP5 expression remained unchanged within 72 h as observed from the green fluorescence intensity in Fig. 7A , upper, middle, and lower panels. Quantification of red fluorescence intensity in CRMP5-expressing cells (Fig. 7B ) showed a significant decrease (2.1-fold) in the mitochondrial fluorescence at 72 h of transfection compared with that at 24 h (**, p Ͻ 0.005), reflecting the decrease in the extent of mitochondria. These data collectively suggest that CRMP5 overexpression is linked with an increase of mitophagy, resulting in a reduction of mitochondrial content.
The Increase of Endogenous CRMP5 Expression in Hippocampal Neurons Negatively Affects the Mitochondrial Content in
Dendrites-Because the removal of undamaged mitochondria can also occur during key developmental processes (6) and given that the endogenous CRMP5 exhibited a transient expression during the development of hippocampal neurons (27) , we next investigated whether the change in endogenous CRMP5 expression could affect the mitochondrion numbers in neurons during development. Therefore, we studied the spatiotemporal distribution of mitochondria in dendrites and axon in cultured hippocampal neurons from E18 mouse embryos. The in vitro culture of hippocampal neurons could be considered as an excellent model to study the consequence of the fluctuation of CRMP5 expression in the physiological conditions. In such culture, Dotti et al. (37) have reported that a few days after axon began to grow remaining processes elongate and acquire the characteristic of dendrites. We previously have shown a transient expression of endogenous CRMP5 in hippocampal neurons; i.e. a high expression was observed in primary dendrites at DIV 3, maintaining the neurites in a quiescent state essential for axon elongation, whereas the poor CRMP5 expression on the following days suppressed the growth inhibition and allowed dendrite outgrowth (27) . We compared the variation of endogenous expression of CRMP5 during neuritogenesis with that of mitochondrial content determined by MT labeling in dendrites and axon on DIV 2-5 ( Fig. 8A) . Fluorescence intensities indicative of CRMP5 expression and mitochondrial content were determined from defined regions on dendrites and axon using imaging software (ImageJ) and graphed as fluorescence values (Fig. 8C) . First, a double staining of the neurons with anti-MAP2 (cyan) and anti-tau-1 (green) antibodies, specific markers of dendrites and axon, respectively, confirmed that the longest neurite was an axon and that the other neurites were dendrites (Fig. 8B) . As expected, minor CRMP5 expression could only be detected in soma at DIV 2 (Fig. 8A, panel a) , whereas at DIV 3, CRMP5 was strongly expressed in the soma and primary dendrites to maintain the dendrite inhibition during axonogenesis (Fig. 8A, panel b , and C; 13.4 Ϯ 3.9 versus 1.21 Ϯ 0.35 arbitrary units (a.u.) at DIV 2). During following stages corresponding to dendrite outgrowth, a decrease in CRMP5 expression was detected at DIV 4 followed by a very low expression level at DIV 5 (Fig. 8A, panels c and d, and C) consistent with our previous report (27) . Strikingly, the mitochondrial content in the primary dendrites contrasted with CRMP5 expression because the red mitochondrial fluorescence was clearly detected in the soma and immature neurites at DIV 2 (Fig. 8A, panel e, and C) , whereas mitochondrial labeling was clearly decreased at DIV 3 in the primary dendrites ( Fig. 8A , panel f, and C; 3.7 Ϯ 0.34 versus 8.1 Ϯ 0.5 a.u. at DIV 2; ***, p Ͻ 0.0001). This suggested that high CRMP5 expression could be related to a reduction of mitochondrial numbers. At DIV 4, corresponding with a low CRMP5 expression, a 2.2-fold increase in mitochondrial staining was observed ( Fig. 8A , panel g, and B; 8.1 Ϯ 1.4 a.u.; **, p Ͻ 0.005) followed by a higher staining intensity at DIV 5 (Fig. 8A, panel h, and B; 14. 3 Ϯ 2.7 a.u.; **, p Ͻ 0.005). This indicated that high mitochondrial content could be correlated with a low CRMP5 expression. In contrast to dendrites, in the immature neurites, which began to elongate to become the future axon, the CRMP5 expression remained low and slightly decreased from DIV 3 to 5 in accordance with our previous study (27) , but the mitochondrial labeling increased at DIV 4 and 5 as the axon elongated ( Fig. 8A,  panels g and h) . Consistent with the data linking CRMP5 with mitophagy, these data inversely correlate the high expression of CRMP5 in primary dendrites with the extent of mitochondria.
Knockdown of CRMP5 Expression in Hippocampal Neurons Increases the Mitochondrion Numbers in Dendrites-To strengthen the above observation on the decrease of mitochondrial staining when CRMP5 is highly expressed, we knocked down CRMP5 expression in hippocampal neurons by siCRMP5 on day 1 after plating. Neurons were then examined 2 days after transfection at DIV 3 because a significant increase in CRMP5 expression was observed at this stage (see above). The immunostaining of endogenous CRMP5 in neurons treated with SC showed a clear green staining indicative of CRMP5 expression ( Fig. 9A) , whereas the absence of green staining in siCRMP5treated cells revealed that CRMP5 expression was impaired (Fig. 9B) . In SC-transfected cells, the mitochondria were restricted to the soma and axon because a low number of mitochondria were present at the dendritic level as observed in a high magnification image corresponding to MT staining (Fig.  9A) . In contrast, the knockdown of CRMP5 in neurons drastically increased the MT staining in dendrites (Fig. 9B) . The quantification of the number of mitochondria in dendrites indicated that the knockdown of CRMP5 induced a 1.8-fold increase in mitochondrial numbers at the dendritic level compared with the control SC-transfected neurons ( Fig. 9C ; *, p Ͻ 0.01). Similar results were obtained at the axon level (data not shown). These data indicate that in hippocampal neurons when the endogenous CRMP5 is highly expressed the mitochondrial numbers are unambiguously reduced, but the absence of CRMP5 expression leads to higher mitochondrial numbers in dendrites.
DISCUSSION
Our results revealed two major findings concerning CRMP5, a cytosolic protein involved in brain development. First, we demonstrate the mitochondrial localization of CRMP5 in brain. Second, we provide evidence for a novel and unexpected role for this protein in the activation of mitophagy. Our results uncover a novel link between CRMP5 expression and reduction of mitochondrion numbers and further emphasize the importance of mitophagy process in controlling mitochondrion numbers during neuronal growth inhibition at the dendritic level.
Mitochondrial Translocation of CRMP5-In a screening for CRMP5-interacting protein, Takahashi et al. (38) identified a new septin, septin-4 (which they named M-septin), that shows mitochondrial localization. They suggested that CRMP5 could be translocated to mitochondria following septin overexpression. Here, we demonstrate that either endogenous or overex-pressed CRMP5 protein can be directly localized within mitochondria. In addition, we show for the first time that, notwithstanding its cytosolic distribution, CRMP5 protein can be present in vivo in mitochondria isolated from mouse brain. Such mitochondrial localization for CRMP proteins has been reported previously only for CRMP2 and CRMP4 (39) . An internal segment positioned in the N-terminal part of CRMP5 within residues 105-285 is responsible for its mitochondrial localization because CRMP5 ⌬N285 and CRMP5 ⌬N300 failed to localize to the mitochondrial compartment, whereas the fulllength protein, CRMP5 ⌬N104, and CRMP5 ⌬C508 did. This is in perfect agreement with the presence of a buried segment located within ␤-strand 15 and ␣-helix 8 of the CRMP5 structure encompassing residues 239 -260. The absence of a predicted mitochondrial targeting signal at the most N-terminal part of the protein is not unexpected because many proteins targeted to a mitochondrial subcompartment lack such sequence but instead have internal signals (40) . The membrane insertion property of the protein was also confirmed in an in FIGURE 8 . Spatiotemporal expression of endogenous CRMP5 contrasted with the mitochondrion numbers in neurons. Hippocampal neurons from E18 mouse were cultured from DIV 2 to 5. At each DIV, mitochondria were labeled with MT and then neurons were fixed and immunostained with anti-CRMP5 (green) to follow the distribution of endogenous CRMP5. Representative images of neurons from three different experiments are presented at each DIV. The insets highlight the magnification of the soma and dendrites in the merged image. A, at DIV 2, CRMP5 is restricted to the soma (panel a, white arrowhead), and the mitochondria are well detected in neurites (panel e), which are clearly stained red in the merge image. At DIV 3, CRMP5 expression is clearly detected in primary dendrites, axon, and soma (panel b) because a clear green staining can be observed in the merged image. The red staining of mitochondria unambiguously decreases at the dendritic level (panel f). Scale bars, 50 m. From DIV 4 -5, the CRMP5 expression decreases in dendrites (panels c and d, white arrowheads), whereas the MT staining of mitochondria strongly increases (panels g and h) as observed by the clear red staining in the merged image. Note that at these stages dendrites begin their growth. Scale bars, 50 m. B, hippocampal neurons were stained with dendritic marker MAP2 (cyan) and axon marker tau-1 (green) antibodies to confirm that at DIV 3 the shorter neurites are dendrites and the longest neurite is an axon. Scale bars, 50 m. C, quantification of CRMP5 and mitochondrial fluorescence in dendrites. The fluorescence intensity from A is determined after conversion of each fluorescent image into grayscale. Quantitative measurements are obtained by averaging the intensity of fluorescence within a box size of 40 ϫ 40 pixels drawn on different regions of the dendrites (n ϭ 10 measurement boxes within each neuron) using ImageJ software. Average fluorescence intensities obtained from these boxes in a number of neurons from three independent experiments are plotted in a.u. CRMP5 shows very low expression at DIV 2 (n Ն 30 neurons in each experiment), whereas MT fluorescence of mitochondria exhibits high intensity. A peak of CRMP5 expression at DIV 3 can be observed in accordance with previous results (27) , whereas the MT fluorescence decreases compared with DIV 2 (n Ն 24 neurons; ***, p Ͻ 0.0001). MT staining increases at DIV 4 (n Ն 25 neurons; **, p Ͻ 0.005) and by 3.8-fold at DIV 5 compared with DIV 3 (n Ն 20 neurons; **, p Ͻ 0.005). This increase in mitochondrial staining is concomitant with a decrease of CRMP5 expression at DIV 4 and 5. All data shown are means Ϯ S.E. Error bars represent S.E. vitro system by measuring the direct interaction of CRMP5 with a monomolecular film of DMPC. Interestingly, the maximal insertion pressure reaches 23 mN/m, a value not too different from the lateral pressure of 30 mN/m believed to correspond to the packing density of biological membranes (41) .
Mitophagy Induction by CRMP5-Compelling evidence now suggests that the clearance of cell debris through autophagy is critical for human health. Indeed, autophagy is considered as an essential homeostatic process to clear misfolded or aggregated protein and to ensure organelle turnover (42) . Dysfunctional autophagy has been implicated in a growing number of neurodegenerative diseases, including Parkinson disease, which shares the pathogenic pathways of mitochondrial abnormalities and misfolded protein damage (2, 43) . Beyond quality con-trol, mitophagy has also been shown to be involved in the removal of undamaged mitochondria during key developmental stages (6) . Here, we provide evidence that under specific circumstances CRMP5 when highly expressed impairs mitochondrial morphology and dynamics and mobilizes the autophagy machinery. This is strengthened by the following observations. First, transmission electron microscopy clearly shows that CRMP5 overexpression generates a significant change in mitochondrial morphology with mitochondria appearing spherical rather than tubular. Second, CRMP5 expression enhances mitochondrial fragmentation, whereas CRMP5 depletion in cells exhibiting a neuronal phenotype prevents mitochondrial fragmentation, giving rise to elongated mitochondria. This mitochondrial fragmentation is consistent with mitophagy as several studies demonstrate that mitochondrial fission appears to be a prerequisite for mitophagy (1, 44, 45) . Third, the overexpression of CRMP5 protein induces an increase in the expression of the LC3-II isoform, reflecting an increased number of autophagosomes, which is the hallmark of autophagy. Fourth, lysosomes are recruited at the mitochondrial level, causing their degradation over time. Increases in LC3-positive autophagosomes, measured in some studies by LC3 labeling, are often assessed by measuring the ratio of LC3-I over the membrane-bound LC3-II isoform using Western blot analysis (4, 45, 46) . In our study, two complementary strategies based on immunofluorescence and Western blotting validate the CRMP5-induced increase in LC3 expression and clearly demonstrate an increase in the LC3-II/LC3-I ratio, supporting the formation of autophagosomes. This is strengthened by the fact that the inhibition of autophagic flux with bafilomycin A1 enhances the accumulation of LC3-II in CRMP5-expressing cells. Another argument, which strongly supports the assumption that the autophagic event occurs in the mitochondria, is the clear overlap of LC3 and CRMP5 at the mitochondrial level. Furthermore, following CRMP5 overexpression, lysosomal LAMP-2 overlaps with cytochrome c, demonstrating that lysosomes are recruited to the mitochondria to create autolysosomes formed by the fusion of autophagosomes and lysosomes, leading ultimately to the mitochondrial clearance. Because autophagy is a dynamic process that reflects both the formation of autophagosomes and their clearance subsequent to lysosomal fusion, the presence of numerous autophagosomes may reflect either an increase in formation or a decrease in their clearance. It is unlikely that CRMP5 overexpression leads to a decrease in autophagosome clearance because we demonstrate that mitochondrial content in these cells decreases over time, providing evidence that the lysosomal activity is enhanced. Altogether, our data clearly identify CRMP5 as a new actor in the complex processes of mitophagy.
A number of factors have been found to affect mitochondrial clearance during developmental or pathological process. Among them, PINK1, which is involved in mitochondrial fission, has been reported to modulate mitochondrial dynamics and to promote autophagy (44, 45) . PINK1 and Nix contribute to mitochondrial priming by controlling the mitochondrial translocation of Parkin (15, 16, 44, 45) . The molecular mechanisms regulating mitochondrial Parkin translocation have been reported to be dependent on loss of ⌬⌿ m (2). However, we FIGURE 9. CRMP5 depletion induces accumulation of mitochondria at dendritic level in cultured hippocampal neurons at DIV3. A and B, mouse E18 hippocampal neurons were cultured for 1 day before transfection with either SC (A) or siCRMP5 (B). Two days later at DIV 3, mitochondria were labeled with 200 nM MT for 30 min, and then neurons were fixed and immunostained with anti-CRMP5 antibody (green). The nucleus is stained blue with DAPI in the merged images. Neurons were observed by fluorescence microscopy. Representative images from three independent experiments are presented, and the insets highlight the magnification of dendrites. A, endogenous CRMP5 expression is clearly detected in dendrites, axon, and the soma in SC-transfected control neurons at DIV 3 in upper and lower panels presenting different magnifications. The mitochondrial staining is restricted to the soma and axon. Very little MT staining is localized at the dendritic level as observed in the high magnifications of the boxed area in the bottom panel. Scale bar, 50 m. B, the knockdown of CRMP5 by siCRMP5 induces a significant decrease of CRMP5 expression as evidenced by the faint green staining and results in increased mitochondrial staining. The bottom panel shows the magnification of the boxed area, highlighting increased MT staining in dendrites. Scale bar, 50 m. C, the graph shows the quantification of the numbers of mitochondrion at the dendritic level in neurons. Neurons transfected with siCRMP5 (n Ն 30 neurons in each experiment) show an increase in the numbers of mitochondria present in dendrites compared with the control (n Ն 40 neurons in each experiment; *, p Ͻ 0.01). Error bars represent S.E.
show that CRMP5 expression does not induce Parkin translocation in mitochondria and has no effect on Parkin expression. These observations were strengthened by the fact that, whereas Parkin translocation occurs in depolarized mitochondria, CRMP5 labels the ⌬⌿ m intact mitochondria because CRMP5 staining overlaps with MT, a dye able to stain specifically the polarized mitochondria. In the same way, CRMP5 expression has no effect on fission GTPase DRP-1 expression and localization. DRP-1 promotes mitochondrial fission upon recruitment to the outer mitochondrial membrane by the protein Fis (12) . Therefore, CRMP5 may act in mitophagy by a new pathway different from the PINK1/Parkin-or DRP-1-directed pathways. In addition, the fact that all the above factors act at the level of the outer mitochondrial membrane, whereas detailed analyses of the submitochondrial location of CRMP5 in brain cortex show its attachment to the inner mitochondrial membrane, argues in favor of a different mechanism of action.
Recent findings have shown that during starvation mitochondrially derived membranes are used to supply membranes for autophagosome formation, and this has uncovered a mechanism involving the outer mitochondrial membrane without autophagic activation (47) . Taking into account 1) its localization on the inner membrane and 2) that CRMP5 expression recruits lysosomes to the mitochondria leading in fine to autophagic degradation, it is unlikely that CRMP5 is involved in transferring mitochondrial lipids to autophagosomal membranes. Nonetheless, the possibility that, following a yet unknown stimulus, CRMP5 may induce some reorganization of the lipid in the inner membrane, thereby initiating the autophagic process, cannot be completely ruled out. This assumption is in accordance with our observation showing that, besides lipid monolayer penetration, CRMP5 was able to reorganize the condensed domains of phospholipids in the lipid layer. 3 Physiological Significance of CRMP5-induced Mitophagy-CRMP5 was recently shown to inhibit dendritic growth at the early stages of neuronal development and to regulate neuronal polarity by maintaining the dendrites in a quiescent stage during axon outgrowth. Dendritic growth is regulated by the transient expression of endogenous CRMP5 and is inhibited by an increase of CRMP5 expression at the dendritic level (27) . Here, we confirm that CRMP5 tightly controls this process by a parallel pathway implying mitophagy. In hippocampal neurons in culture, a correlation exists between high CRMP5 expression and the decrease of mitochondrial content in dendrites at stage 3 when dendrite outgrowth is inhibited. Moreover, the knockdown of CRMP5 at this stage induces an enhancement of the mitochondrion numbers. Subsequently, the absence of CRMP5 expression at stage 4 of neuronal development, corresponding to dendrite outgrowth (37) , clearly coincides with a multiplication of mitochondrion numbers, suggesting that, in physiological conditions, the expression of CRMP5 and the subsequent mitophagy may play a role in the adjustment of the mitochondrion numbers in dendrites. These findings are consistent with previous studies on the removal of undamaged mitochondria during key developmental stages (6) and showing that mitophagy is involved in steady-state turnover of mitochondria (48) . Taking into consideration that (i) CRMP5 plays a role in the inhibition of dendrite growth, counteracting the function of CRMP2; (ii) this inhibition is mediated by the tubulin binding property of CRMP5, which inhibited its polymerization; and (iii) the function of this inhibitory effect is to maintain neurites in a quiescent state at early stages of development (27) , one can argue that in physiological conditions the strong expression of CRMP5 may have a relevant role in controlling and adjusting the mitochondrial number by promoting mitophagy and thereby can contribute to prevent tubulin polymerization by restraining energy formation. Thus, the induction of the mitophagy process in neurons during development may be an additional pathway for CRMP5 to reinforce its inhibition of dendritic growth, a very important step leading to the establishment of neuronal polarity and axonogenesis. Supporting our data, very recent studies on mitochondrial content in dendrites have also shown that sufficient dendritic mitochondrial content is required for proper dendritic morphological characteristics (49) , acute decreases in dendritic mitochondria rapidly lead to synapse and spine loss (50) , and chronic genetic stress leading to mitochondrial degradation via mitophagy can elicit dendrite shortening (51) . In conclusion, CRMP5 presents a novel class of molecules involved in the control of steady-state mitochondrial number that are required to meet metabolic demand during specialized development stages. Further studies are needed to shed light on the molecular mechanisms that govern this new CRMP5 function and the signal that triggers the CRMP5-induced mitophagy.
